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Introduction {#sec001}
============

Mitochondria are intracellular organelles in charge of ATP synthesis, and they have their sole genetic material, the mitochondrial DNA (mtDNA) \[[@pone.0235856.ref001], [@pone.0235856.ref002]\].

The mtDNA is a circular double-stranded molecule essential for mitochondrial functioning and, consequently, for cellular performance. It encodes several subunits of the proteins in the electron transport chain and transporter and ribosomal RNAs \[[@pone.0235856.ref003]\]. It is replicated independently of nuclear DNA (nDNA), which codes the proteins responsible for mtDNA replication \[[@pone.0235856.ref004]\].

Among these various proteins, the mitochondrial transcription factor A (*TFAM*) is a protein that, after being encoded in the nucleus and translated it is exported to the mitochondria. In several studies, *TFAM* has been considered the main protein in this process due to its architectural role in mtDNA packaging in nucleoids. It also acts in the replication, transcription, and regulation of the number of copies of mtDNA \[[@pone.0235856.ref005]--[@pone.0235856.ref007]\].

Like nDNA, mtDNA is subject to damage from other molecules, both exogenous and endogenous \[[@pone.0235856.ref008]\]. Among the endogenous, the reactive oxygen species (ROS) may be the main cause of damage and mutations, with potentially pathological action on mtDNA \[[@pone.0235856.ref009]\]. The *TFAM* function in mtDNA compacting is similar to the role of nuclear histones in the organization of chromatin. Therefore, it is essential for the conservation of mitochondrial genetic material and protection against possible pathological mutations \[[@pone.0235856.ref006]\].

Several diseases are related to mitochondrial disorders such as Parkinson\'s, Huntington\'s Disease, Alzheimer\'s, Frontotemporal Dementia, Amyotrophic Lateral Sclerosis, and peripheral neuropathies linked to Diabetes \[[@pone.0235856.ref010]--[@pone.0235856.ref013]\]. These are different but very similar when analyzed molecularly, which opens the door to a unique treatment of mitochondrial origin that can reduce or even reverse the symptoms of them \[[@pone.0235856.ref014],[@pone.0235856.ref015]\].

In this sense, recent advances in genome editing techniques have made it possible to modify any desired DNA sequence using programmable nucleases. Gene editing tools using the CRISPR/Cas mechanism (Clustered Regularly Interspaced Short Palindromic Repeats) are the most widely used and effective.

The CRISPR/Cas9 technology is a relatively simple, accurate, and efficient tool that has emerged from the study of bacteria. The CRISPR/Cas9 genome editing system has revolutionized the ability to manipulate, detect, and document specific DNA and RNA sequences in cells of several species. Among other things, it has emerged to understand better and correct pathologies of genomic origin \[[@pone.0235856.ref016],[@pone.0235856.ref017]\].

In our previous study in a bovine model, we edited the *TFAM* gene due to the possibility of this gene being the main regulator of mtDNA replication. This new bovine fibroblast lineage edited with heterozygosity of the *TFAM* gene provided data that this gene has a direct action on bovine mtDNA \[[@pone.0235856.ref018]\].

Considering the extreme importance of *TFAM* previously contextualized, we generated edited cells that present heterozygosity of the *TFAM* gene in a bovine model and proposed to characterize them to evaluate their influence on the maintenance of mtDNA and possible alterations found after the disruption of this gene. In this study, we were able to keep the edited cells viable in culture. We validated that the *TFAM* gene edition is directly linked to the decrease in the number of mitochondrial copies and mitochondrial membrane potential, confirming its direct action in the maintenance and integrity of mtDNA.

Materials and methods {#sec002}
=====================

This study was approved by the Research Ethics Committee (Approval No. 5828250215) of the Faculty of Animal Science and Food Engineering, University of São Paulo, Brazil. All experiments were done in triplicate with 3 edited clones and as control 1 non-edited clone (fibroblasts without TFAM edition).

Cell line, CRISPR design, and transfection {#sec003}
------------------------------------------

Bovine fibroblasts used in this study were derived from a skin biopsy, CRISPR design, and Transfection were performed as shown in \[[@pone.0235856.ref018]\].

Cell viability {#sec004}
--------------

To test the cells\' viability, they were sorted into three groups at densities of 1x10^6^ cell/cm^2^ and frozen. After one freeze-thaw round, the cells were stained with trypan blue (1:1; Sigma- catalog number T10282) to assess cell viability. The cells were frozen for 24 hours at -80°C using Nalgene Mr. Frosty (Sigma/reference number- C1562-1EA) freezing protocol and were subsequently transferred and stored in liquid nitrogen. After freezing and thawing, the cells were counted with a hemocytometer using a Neubauer chamber (GridOptik / reference number---OG-500).

Doubling time {#sec005}
-------------

Cells were plated in passage 4 and counted using a Neubauer chamber (GridOptik/ reference number- OG-500). Then, the cells (3x10^4^) were plated on 35- mm plates and maintained in incubators at 37°C. The cells were replated every 3 days at the same density. The doubling time was calculated using the formula Ct/Cd, where Ct represents the culture time between passage n and passage n þ 1, and Cd represents the cell doubling. Cell doubling was calculated using the formula: Cd ¼ ln (nf/ni)/ ln2, where nf represents the harvested cells, and ni represents the seeded cells \[[@pone.0235856.ref019]\].

Determination of mtDNA copy number {#sec006}
----------------------------------

The cells in different cellular passages were subjected to genomic DNA extraction using the QIAmp DNA micro kit (Qiagen, 56304), according to the manufacture's protocol. The DNA was quantified by spectrophotometry (NanoDrop 2000, Thermo Scientific, Waltham, MA, USA) and frozen at -80°C. mtDNA quantification was then performed on a real-time PCR thermocycler (Applied Biosystems, 7500 Fast Real-Time PCR System, Foster City, CA, USA) using a commercial assay system (SYBR® Green PCR Master Mix; Life Technologies) following the manufacturer instructions. The samples were analyzed in duplicate using the endogenous beta-actin gene (ACTB) as control and primers listed in [Table 1](#pone.0235856.t001){ref-type="table"}. The mtDNA copy number was estimated at each cellular passage \[[@pone.0235856.ref020]\].

10.1371/journal.pone.0235856.t001

###### Primers used for relative quantification of the target gene (mtDNA) and endogenous control (ACTB).

![](pone.0235856.t001){#pone.0235856.t001g}

  Target gene (Genebank access)    Primer                    Sequence (5'-3')         Product
  -------------------------------- ------------------------- ------------------------ ---------
  ACTB (NM_173979.3)               ACTB-f                    `GGCACCCAGCACAATGAAGA`   67bp
  ACTB-r                           `GCCAATCCACACGGAGTACTT`                            
  Mt-RNR 2 (AY526085 / AY126697)   bMT3010-f                 `GCCCTAGAACAGGGCTTAGT`   87bp
  bMT3096-r                        `GGAGAGGATTTGAATCTCTGG`                            

Assessment of mitochondrial membrane potential using the Mitotracker Green and Red assays {#sec007}
-----------------------------------------------------------------------------------------

Assessment of mitochondrial membrane potential was also done by using the Mitotracker Red and Green assays. Cells were cultured in 6 well plates. Next, 0,2ul /mL of Mitotracker Green (Invitrogen^TM^- catalog number M7514) and 0,5ul/mL of Mitotracker Red (Invitrogen^TM^ -catalog number M22425) were used for cell incubation for 30 minutes. Analyses were performed by epifluorescence microscopy (Axioplan, Carl Zeiss) and evaluated by ImageJ software. The ΔΨm was determined considering the estimated red/ green fluorescence ratio with the appropriate lasers. Corrected total cell fluorescence was mensured by imageJ using integrated density, mean grey and cell area, which is related to the level of fluorescence present in the cell. To access certain functional level into the cell, surface area of the cells was meansured and compared between edited and non-edited cells \[[@pone.0235856.ref021],[@pone.0235856.ref022]\].

Statistical analysis {#sec008}
--------------------

The data obtained from experimental procedures were analyzed using the SAS program University Edition®, with previous verification of the normality of the residues by the Kolmogorov-Smirnov test. The variables that did not meet the statistical assumptions were submitted to the logarithmic transformation \[Log (X + 1). When this procedure was necessary, the original or transformed data were submitted to Analysis of Variance (p\<0.05). The time and treatment effects were evaluated by the Tukey--Krammer's test. The data from "mitochondrial DNA copies" were analyzed by Fisher's exact test. Effects were considered significant when p\<0.05.

Results {#sec009}
=======

Cell line {#sec010}
---------

After cryopreservation and thawing, the cells were maintained in culture. After 24 hours in culture, the cells started to adhere to plastic and presented fibroblastoid characteristics. After 6 days in culture, the culture dish already presented 80% confluence ([Fig 1](#pone.0235856.g001){ref-type="fig"}). We performed successive passages, and the cells remained in culture for 30 days, after this period, they showed suggestive cellular death since we were able to observe a reduced cell size. The *in vitro* maintenance of the edited cells was achieved through the supplementation with uridine and pyruvate in the culture medium, the lack of supplementation resulted in cell death.

![Photomicrographs of edited cells.\
A) cell at 24h in culture with fibroblastoid format. B) cells at 72 hours in culture note cell confluence. C) and D) observe the 80% of confluence after 6 days in culture 20X; 40X.](pone.0235856.g001){#pone.0235856.g001}

Cell viability {#sec011}
--------------

The [cell viability](https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/cell-viability) analysis showed a total of 84.34% of living non-edited cells and 15.66% of dead cells. Regarding the edited cells, the percentage was 78.2% of living cells and 21.8% of dead cells ([Table 2](#pone.0235856.t002){ref-type="table"}), showing that the viability was somewhat lower in the edited cells when compared to control (non-edited cells). Even though the viability rate was lower, the edited cells were viable in culture after thawing.

10.1371/journal.pone.0235856.t002

###### Average of the viability of the edited and non-edited cells.

![](pone.0235856.t002){#pone.0235856.t002g}

                     Number of cells   Live cells (total) [\*](#t002fn001){ref-type="table-fn"}   Alive (%)   Dead (%)
  ------------------ ----------------- ---------------------------------------------------------- ----------- ----------
  Non-edited cells   10x10^4^          8.43x10^4^±5.03 x10^4^                                     84.33       15.76
  Edited cells       10x10^4^          7.82x10^4^±3.76 x10^4^                                     78.20       21.80

\* Significant differences between groups (Fisher's exact test; p\<0.05).

Growth curve and doubling time {#sec012}
------------------------------

The non-edited and edited cells after thawing were expanded in culture. It was possible to observe that the non-edited cells were maintained until passage 15, and were more proliferative in culture at P11 (reaching a peak as shown in the figure). The edited cells were maintained in culture until passage 11 and were more proliferative in passage 8 (growth curve peak). In both, the cells doubling time increased with each new passage, meaning that the proliferation rate was reduced, showing that the genomic edition did not affect theirs *in vitro* maintenance ([Fig 2](#pone.0235856.g002){ref-type="fig"}).

![Growth curve and cell doubling time for non--edited and edited cells.\
a-f Different lowercase letters indicate significant differences between non-edited cells (p\<0.05). A-F Different lowercase letters indicate significant differences between non-gene-edited cells (p\<0.05). \* Significant differences between edition within passage (p\<0.05).](pone.0235856.g002){#pone.0235856.g002}

Determination of mtDNA copy number {#sec013}
----------------------------------

Regarding the determination of the mitochondrial DNA copies, we observed a decrease in the mtDNA number of edited cells after successive culture passages when compared to the non-edited cells (control). In passage 3, we noticed 2.912 copies in the non-edited cells versus 1.655 in the edited clones \[[@pone.0235856.ref018]\]. In passage 6, the non-edited cells had 1.889 copies versus 1.020 in the edited cells. In a later passage, P9, we noticed a decrease from 1.222 copies of the non-edited cells to 945 copies of the edited cells. This shows that the mitochondrial DNA copy number decreased after each passage and compared to the control. There was a significant difference between the passages regardless of editing (p\<0.05), showing that the longer the time in culture, the lower the number of mitochondrial DNA copies ([Fig 3](#pone.0235856.g003){ref-type="fig"}).

![mtDNA copies per cell in different cell passages.\
Non-edited cells (control) and edited cells. Note non-edited cells in passage 3 with 2.912 copies and edited cells with 1.655 mitochondrial DNA copies; in passage 6 note non-edited cells with 1.889 copies and edited cells with 1.020 copies. In passage 9 observe a greater decline. Note non-edited cells with 1.222 copies and edited cells with 945 copies. A-B Different capital letters indicate significant differences between the passages, regardless of the gene edition (p \<0.05). \* Differences between gene edition within the passage (p \<0.05).](pone.0235856.g003){#pone.0235856.g003}

When comparing the edited versus non-edited cells regardless of cell passage, we noticed that the edition decreased the number of mitochondrial DNA copies, with a significant difference between edited and non-edited cells (p\<0.05).

Evaluating the gene edition and cell passages together, we noticed that passage 3 is significantly different from passages 6 and 9 (p\<0.05). On the other hand, passages 6 and 9 did not differ among them. These results reveal that the CRISPR/Cas9 editing was efficient. Even though only one allele was edited, it was enough to present a significant difference in the mtDNA copy number during the successive passages.

Assessment of mitochondrial membrane potential using the Mitotracker Green and Red assays {#sec014}
=========================================================================================

Epifluorescence microscopy {#sec015}
--------------------------

The edited cells showed a classic fibroblast appearance in culture, proving that the supplemented uridine and pyruvate were capable of supporting normal cell growth. The cell staining with Mitotracker Green and Red clearly shows a reduced of green and red fluorescence in the edited cells ([Fig 4](#pone.0235856.g004){ref-type="fig"}).The corrected total cell fluorescence of red was calculated by ImageJ software, edited cells showed 51851.05 (in average) intensity of red fluorescence and non- edited cell showed 121241.18 (in average) intensity of red fluorescence ([Fig 5A](#pone.0235856.g005){ref-type="fig"}). When compared edited cells expressed 57.24% (in average) less red fluorescence intensity than non-edited. When cell surface area was compared, non-edited cells were smaller than edited cells ([Fig 5B](#pone.0235856.g005){ref-type="fig"}). Lastly, cell size and fluorescence expression (mtDNA) presented a positive but not perfect linear relation (R^2^ = 0.2) ([S1 Fig](#pone.0235856.s001){ref-type="supplementary-material"}).

![Photomicrograph of epifluorescence with Mitotracker Green and Red markers.\
Analysis of the mitochondrial membrane potential of edited versus non-edited cells. In A and E control, B-F Mitotracker Green fluorescence, C-G Mitotracker Red fluorescence, and D-H merged.](pone.0235856.g004){#pone.0235856.g004}

![Comparation of Mitotracker red expression and cell surface area in edited and non-edited cells.\
(A) Red fluorescence intensity in edited and non-edited cells. (B) Cell surface area in edited and non-edited cells.](pone.0235856.g005){#pone.0235856.g005}

Discussion {#sec016}
==========

Because *TFAM* binds to specific regions of mtDNA, acting in replication, transcription of mtDNA and performs functions in the compaction of this genome, exerts specific functions of organelle maintenance we proposed to edit this gene by CRISPR/Cas9 and evaluate the cellular characteristics after editing in bovine fibroblasts, to observe their influence on the maintenance of mtDNA. The results after this process were seven heterozygous mutant clones \[[@pone.0235856.ref018]\]. The bovine was chosen as a model due to its phylogenetic similarity to humans \[[@pone.0235856.ref023]\].

The *TFAM* gene has been disrupted before in mice and chickens with homozygous gene mutation showing embryonic lethality and mtDNA depletion \[[@pone.0235856.ref024],[@pone.0235856.ref025]\].

Our study performed the edition of the *TFAM* gene in bovine fibroblasts and obtained heterozygous clones \[[@pone.0235856.ref018]\]. The interruption of this gene can lead to lethality, so we followed the protocol of *in vitro* cell maintenance through supplementation with uridine and pyruvate, as previously used in bovine fibroblasts in a study showing the treatment of these cells with ethidium bromide to deplete the mtDNA and evaluate the effects on the mtDNA copy number and their action on cell metabolism \[[@pone.0235856.ref026]\].

After thawing, we expanded the edited cells in culture and performed their characterization. We believe that the *in vitro* maintenance of the edited cells is due to the supplementation mentioned above because according to the data, cell viability was 78.54% of living cells in the edited clones versus 84.34% of the non-edited cells. We believe that the editing did not affect cell viability and proliferation since the Doubling time results were positive, showing an increase in each successive passage, asserting again that the editing did not affect the cell proliferation and growth rates until the 11th passage in culture.

When we compare the growth curve of edited versus non-edited cells, the edited cells have a shorter life span. This more limited life span may be related to a decreased number of mitochondrial DNA copies.

The mitochondrial biogenesis coordinates the mitochondrial population according to cell energy demands \[[@pone.0235856.ref027]\]. TFAM participates in the regulation of mitochondrial biogenesis together with mtDNA. A study with bovine adipose-tissue-derived mesenchymal cells performed mtDNA depletion by treating the cells with ethidium bromide. Similarly to our study, they determined mtDNA copy number and found that it decreased as successive days in culture went by, reaching a 90% depletion rate after 13 days of EtBr treatment \[[@pone.0235856.ref028]\]. In a study with HeLa cells, mtDNA was also depleted with EtBr. Besides the successful depletion, authors also reported reduced TFAM and RNA polymerase levels, showing a complex interaction between mtDNA copy number and other necessary factors for mitochondrial transcription (such as TFAM and RNA polymerase) \[[@pone.0235856.ref029]\]. Other studies have shown that the evaluation of the mitochondrial DNA copies has been correlated to *TFAM* function, showing that when *TFAM* varies, there\'s a direct effect in the mtDNA copies. In embryonic development, a higher mtDNA copy number is essential. *TFAM* is believed to be the regulator of mtDNA because this gene is critical in the mitochondrial replication process \[[@pone.0235856.ref005]\].

It was also shown that over-expression or low expression of *TFAM* could lead to a decrease in the number of mtDNA copies \[[@pone.0235856.ref025]\].

In a study with human fibroblasts, the authors showed a significant increase in mtDNA copy number at late passages in culture of various diploid human cells \[[@pone.0235856.ref030]\]. These results suggest that the mtDNA copy number can suffer a feedback response compensating for defective mitochondria having its respiratory chain impaired or mutated mtDNA \[[@pone.0235856.ref031]\]. One crucial factor in aging is the accumulation of DNA damage over time, and the mtDNA has been considered a significant target of aging-associated mutation accumulation. In a different study, mtDNA heteroplasmy incidence was shown to increase with age, and at the same time, a decrease of mtDNA copy number was observed, which is similar to our findings \[[@pone.0235856.ref032]\]. In bovine adipose-tissue-derived mesenchymal cells with mtDNA depleted by Ethidium Bromide, the control cells with no EtBr treatment showed a decline in mtDNA copy number after some time in culture \[[@pone.0235856.ref028]\].

When performing the mitochondrial copy number in different cell passages, we used the already published data of passage 3 \[[@pone.0235856.ref018]\] as a comparison. We also confirmed this decrease in mtDNA by the reduced *in vitro* lifespan referring to cell passages and in comparison to the control, also showing that regardless of edition, the mitochondrial DNA copy number decreases with each *in vitro* passage.

When we compared the non-edited with the edited cells, we also found a significant difference regardless of cellular passage. With this, we affirm that *TFAM* disruption may affect the number of mitochondrial DNA copies. Similar results were demonstrated in a heterozygous knockout of *TFAM* in mice, highlighting the reduction of mtDNA copies in approximately 50% \[[@pone.0235856.ref024]\].

A study that claims to be the first to describe a pathology caused by changes in *TFAM* function showed its correlation with mitochondrial diseases. The pathology was described in two siblings and consists of a hepatocerebral syndrome caused by mtDNA depletion, which in turn is related to a specific mutation present in the family, causing neonatal liver failure, besides other symptoms, followed by death in a few months. Through exome sequencing of the patients, the team reported a homozygotic variation (c.533CNT; p. Pro178Leu) in the *TFAM* gene, a variation that may have caused a loss of protein binding capabilities in mtDNA, consequently causing a decrease in its replication, amount, and compaction in nucleoids. By analyzing the *TFAM* gene expression and the number of mtDNA copies by qPCR in the patients\' fibroblasts, among other tests, they were able to effectively relate the symptoms of the syndrome to the mtDNA depletion of the affected siblings caused by the *TFAM* mutation, showing once again the importance of the integrity of this gene and its polypeptide for correct mitochondrial function \[[@pone.0235856.ref033]\].

Other human studies have been conducted. A British team carried out a genomic study with almost 7.000 patients whose conclusion once again pointed to this relationship between *TFAM*-related nuclear control and the number of mtDNA copies \[[@pone.0235856.ref034]\].

Other models also correlated the TFAM gene regulation to mitochondrial diseases by showing that the overexpression of *TFAM* generates a protective effect on cell function in several disease models, such as type II diabetes, heart attack, and heart failure \[[@pone.0235856.ref014]\]. In another study, the effect of increased mtDNA copy number on cardioprotection in mice was examined. They observed that the overexpression of *TFAM* could increase the mtDNA copy number and facilitate cardioprotection associated with limited mitochondrial oxidative stress \[[@pone.0235856.ref035]\].

Recently, a group of researchers identified a homozygous predicted pathogenic missense mutation in TFAM \[NM_003201.3: c.694C\>T,NP_003192.1: p.(Arg232Cys)\]. Their data suggest that pathogenic TFAM variants and consequently, defects in mtDNA maintenance can be fatal (early-onset liver disease) and cause some rare genetic disorders, like Perrault syndrome \[[@pone.0235856.ref036]\].

Regarding the mitochondrial membrane potential, in our findings, both edited and non-edited cells presented positive markings for Mitotracker Green, thus being viable in culture. The Mitotracker Red is only emitted in mitochondria with high mitochondrial activity. Our findings showed that a lower red color in the edited cells showed less mitochondrial activity than non-edited cells (control). Edited cells showed 57.24% (in average) less red fluorescence intensity than non-edited cells, which can be related to the reduction of mtDNA. When cell surface area was compared, non-edited cells were smaller than edited cells, giving an indication of certain cell response due to metabolic changes related to mtDNA reduction \[[@pone.0235856.ref037]\].

Still, concerning mtDNA disruptions, a study developed a specific Cas that reaches the mitochondrial DNA, and after modifying HEK-293T cells with sgRNA targeting *Cox1* and *Cox3* genes they showed, by Mitotracker Red assay, that there was a decrease in the mitochondrial membrane potential compared to the non-edited control, as well as a decrease in cell proliferation in culture \[[@pone.0235856.ref038]\], findings similar to ours.

In other research LRPPRC (leucine-rich pentatricopeptide repeat-containing) depletion by activating induced autophagy, showing that LRPPRC serves as a checkpoint protein for initiation of baseline autophagy levels. LRPPRC was silenced by siRNA suppressing the gene expression, which led to the reduction of Mitotracker Red signals representing mitochondrial membrane potentials. In our study, the low mitochondrial activity shows us that *TFAM* editing has affected both the number of mtDNA copies mentioned above, as well as the mitochondrial activity \[[@pone.0235856.ref039]\].

The regulation of mtDNA copy number is still poorly understood. The TFAM gene is a candidate to be investigated because many studies point this gene as essential to regulate mtDNA copy number. In our study, we showed that the gene edition of TFAM affects mtDNA by decreasing its copy number and consequently altering mitochondrial activity, confirming the TFAM role in mitochondrial maintenance and function.

Supporting information {#sec017}
======================

###### Linear relation between cell size and fluorescence expression (p\<0.05).

(TIF)

###### 

Click here for additional data file.
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